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Abstract 
By using 13C Nuclear Magnetic Resonance (NMR) spectroscopy, direct qualitative and quantitative information on 
the species formed during the absorption and desorption of CO2 in aqueous amine solvents can be acquired. In this 
paper, an overview of the state of the art of 13C NMR studies performed on amine-CO2-H2O system, with a specific 
focus on the methods used to perform quantitative analyses, is presented. It is concluded that, for possible 
improvements of the efficiency of cyclic CO2 capture processes, NMR spectroscopy gives important contributions in 
investigating the chemical reactions occurring in amine-CO2-H2O systems. 
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1. Introduction 
Among several proposed technologies for flue gas stream carbon dioxide (CO2) scrubbing, today’s 
most attractive option is Post-Combustion Capture (PCC) technology based on the chemical 
absorption/desorption of CO2 into/from aqueous amine solvents (amine-CO2-H2O systems) [1]. Although 
CO2 capture processes using alkalonamines are considered the current most feasible technique, they 
suffer from several drawbacks, such as the energy demand for CO2 desorption and amine regeneration, 
corrosive nature of amines and their degradation in presence of acid gases and oxygen [2]. In order to 
improve the efficiency of PCC and develop novel absorbents, an accurate understanding of all the 
reactions occurring in a cyclic process is of paramount importance. Many studies are dealing with the 
development of thermodynamic vapour-liquid equilibria models [3-5], but direct and reliable 
measurements of liquid-phase compositions are superior or, at least, give more reliability to empirical 
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investigations as well being a pre-requisite if data are to be extrapolated [6]. Within the experimental 
studies, NMR spectroscopy is considered to be a very valuable analytical technique for chemical 
analyses. It allows non-invasive and direct measurements at a molecular level under different 
experimental conditions. In the context of this work’s topic, 13C NMR spectroscopy gives direct 
qualitative and quantitative information about all the componentes formed during the absorption and 
desorption of CO2 in aqueous amine solvents, with the exception of H2O, H3O+ and OH- [7].  
This manuscript aims at providing a state of the art of 13C NMR experiments performed on amine-
CO2-H2O systems for the development of efficient absorbents, with a specific focus on the methods used 
to acquire quantitative NMR experiments and subsequent analyses of the data/spectra. Some general and 
useful guidelines to get reliable and reproducible quantitative results are also given, in addition to a 
summary of the applications of 13C NMR spectroscopy in this field.  
 
2. NMR experiments and methods 
2.1 13C NMR spectroscopy on amine-CO2-H2O systems 
 
NMR spectroscopy is a powerful and non-invasive analytical technique, widely used in chemical 
laboratories, which allows direct measurements on specific nuclei of the species in solution. The 
information on the chemical structure of compounds, conformational structure as well as physical 
properties can be gathered and is typically presented in spectra containing peaks (with their fine structure) 
corresponding to the different nuclei. In proper performed NMR experiments, peak areas are directly 
proportional to the number of nuclei contributing to the signals and quantitative analyses of compounds 
are hence possible [7]. By monitoring speciation in whole CO2 absorption and desorption processes, it is 
possible to reveal relationship between amine structures and to get information on reaction mechanism 
and kinetics,  the influence of reaction conditions, amine capacities of CO2 capture and CO2 solubility [8]. 
Speciation studies can also be used for modeling of chemical and phase equilibria, where the most 
important task is the calculation of the carbamate stability constants [9].  
Most of the papers deal with quantitative NMR spectroscopy, while only few of them report qualitative 
evaluation of novel amine-CO2-H2O systems [9-12]. Even if 1H NMR experiments are faster and more 
easily quantitative than 13C NMR experiments, not all the species in solution can be observed (like e.g. 
carbonate). In spite of long measuring times, 13C NMR spectroscopy is more exhaustive because all the 
species in amine-CO2-H2O system can be observed in the spectra, with the exception of H2O and its ions. 
First quantitative 13C NMR measurements on amine-CO2-H2O equilibrium systems date back to 1984 by 
Barth et al. [13], even if in 1983 Sartori et al. reported for some amines the carbamate stability constants 
measured by 13C NMR, referring to a private communication with Melchior in 1975 [14]. In some studies 
the  quantitative 13C data are used to develop [7, 15, 16] and/or to support VLE (vapour-liquid equilibria) 
models by comparing experimental and predicted speciation [2, 17-20], while in some other papers 
quantitative 13C NMR experiments are exclusively used to perform chemical investigations [8, 21-30]. 
 
2.2 Quantitative 13C NMR measurements 
 
In order to get reliable, reproducible and high-quality quantitative NMR spectra, it is important to 
follow some guidelines concerning important acquisition parameters [31]. The main experimental 
parameters affecting the accuracy and precision of 13C quantitative analyses are reported below: 
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x Selection of acquisition sequence: for 13C NMR experiments, the inverse gated decoupling sequence is 
required to avoid the differential NOE (Nuclear Overhauser Effect). The sensitivity will suffer from 
the loss of NOE, but its presence creates an influence by neighboring hydrogen atoms on the 13C signal 
integral.  
x Recycle delay (or recovery delay): it is important to wait a period of 5-10 times the longest T1 
(longitudinal relaxation time) before applying another pulse in order to ensure 99% of the equilibrium 
magnetization. This implies the necessity of measuring the T1 for the nuclei of all the components in 
solution and of the internal/external standard. Usually, the inversion recovery sequence is used for 
measuring T1 values of the specific nuclei.  
x Excitation pulse: a pulse angle of 90° is needed to ensure a complete relaxation of each nucleus. Less 
pulse angle could also be used but the optimum pulse width also depends upon T1. 
x Signal-to-noise ratio (S/N): for improving the accuracy of integrals determination, a proper number of 
scans (ns) are recommended to achieve a S/N ratio of ca 250:1. 
13C-NMR has a great potential for the study of complex organic systems, due to the broad spectral 
range and, usually, an absence of interference between peaks. However, it suffers from poor sensitivity 
due to low isotopic abundance and slow relaxation time of the nuclear spin. 13C NMR experiments require 
long measuring times, above all when different carbons in 200 ppm range are being analyzed [32]. In 
particular, in the amine-CO2-H2O system, there are different carbons of interest, most of which have 
relatively long T1, i.e. carboxylic function of   HCO3- (bicarbonate), CO32- (carbonate) and carbamate 
amine.  
All quantitative 13C NMR studies performed so far on aqueous amine-CO2 systems are carried out by 
using the inverse gated decoupling sequence to suppress the NOE effect, but the preliminary and 
fundamental T1 values are reported only by few authors [13, 17]. For 13C NMR studies on MEA 
(monoethanolamine), DEA (diethanolamine) and DGA (diglycolamine), Barth et al. report a pulse width 
of 90º and a recovery delay of 150 s, corresponding to 5 times the longest T1 (estimated to be lower than 
30 s also for the carbons corresponding to carbonate and carboxylic group of carbamate)[13]. In a study 
on ammonia-CO2-H2O,  although the measurements of the relaxation times (corresponding to the values 
of 28.9 s and 29.2 s for the carbons of HCO3-/CO32- and NH2COO-, respectively), the authors carry out 
13C NMR experiments waiting 5 seconds between pulses. Actually, in this last study for quantitative 
purpose the area ratios between the peaks are taken into account (see section 2.5) and, by using a shorter 
recovery delay, a 6% of variation in the area ratios is estimated [17]. In 2011, Ahn et al. dealt with the 
same chemical system, but in this study a higher recycle delay (30 s) at 30º pulse width, instead of 90º, is 
used [2].  
In some papers, even if the T1 values are not reported, long recycle delays are however set. Indeed, for 
the study of aqueous alkalonamines-CO2 system, Bottinger et al. report the recovery delay up to 1 minute 
and scans up to 512, leading to measurements times up to about 8 h [7, 15]. For AMP-CO2-H2O system 
(where AMP is 2-Amino-2-methyl-1-propanol) [29], Ciftja et al. report a recycle delay of 150 s, 
combined with a pulse width of 6.90 s and 300 scans, and the total time needed for the acquisition of 
one experiment is about 13 h.  Moreover, in the study performed by Qi Yang et al. in 2009, the delay time 
is chosen to be higher than 5 times the longest relaxation time, but only 32 numbers of scans are collected 
[8].   
In some other studies, when a short recovery delay is set, a higher number of scans is used, i.e. 
recovery delay of 30 s and 2000-3000 scans in Park et al. 2003 [28]; or recovery delay of 0 s and scans up 
to 3000 in Barzagli et al. papers [22, 23]. In particular, in these latter studies by Barzagli et al., the 
relative peak areas of the 13C atoms of the CH2-CH2 amine backbone are taken into consideration for the 
quantitative purpose. The spin-lattice T1 relaxation times of carbons bounded to hydrogens are known to 
be shorter than those observable for 13C atoms of CO2- functionality of the amines and HCO3/CO32- pair, 
which don`t have hydrogens attached to the 13C [22, 23].    
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2.3 Deuterated solvents                                                                                                                                                
In NMR spectroscopy, deuterated solvents are needed for field-frequency stabilization (lock), 
homogenization (shim) and reference purposes. Deuterated water (D2O) is the most used lock solvent in 
NMR studies of amine-CO2-H2O system. To perform 13C NMR spectroscopy, the amine solutions are 
prepared with ca 10% D2O in H2O [10, 11, 16-18, 21-25, 29] or with 100% H2O [2, 7, 8, 15, 20]. When 
100% H2O is used, the lock solvent is usually inside a capillary which is inserted in the NMR tube, or the 
experiments are performed without lock solvent [7, 8, 15].  
2.4 Reference solvents 
In amine-CO2-H2O system, the following reference solvents are used for acquiring 13C NMR 
experiments: 1,4-dioxane [8, 10, 11, 17, 18, 21, 29, 30], acetonitrile [2, 20, 22-25], or tetramethylsilane. 
[9, 13]. Reference compounds are used as chemical shift reference solvents and/or as standards for 
quantitative purpose. They can be classified as internal or external standards on the base of their usage. 
As internal standard, a known amount of a reference is dissolved in a known volume of sample. As 
external standard, it is dissolved in D2O and inserted in a sealed capillary which is introduced in the NMR 
tube [2, 8, 20, 21]. On the one hand, the quantitative analyses are performed by relating the area integral 
of the species peaks to that of the signal of standard at known concentration. On the other hand, the 
standard is used only as chemical shift reference. In this case, the mole fraction of all observable species 
are calculated on the base of the area of the corresponding signals [7] or the concentrations are calculated 
by relating the peak areas and/or positions to the mass balance [17, 28] and electroneutrality [24]. In 
Barzagli et al. [22-24], it is also reported the use of standard solutions to find a quantitative relationship 
between the relative peak areas of CH2-CH2 carbon atoms (used for NMR integration) and the known 
concentrations of amine species.  
2.5 Methods to distinguish Amine/AmineH+ and HCO3-/CO32- 
When CO2 is added to the solution, the following species are expected to be observed in 13C NMR 
spectra: protonated amine, molecular amine, amine carbamate, carbonate and bicarbonate. The specific 
species in the solution posses their own chemical shifts, but it is not possible to distinguish between 
carbonate and bicarbonate (HCO3-/CO32-), and between molecular amine and its protonated form 
(amine/amineH+). In these systems, species with exchanging protons have a common peak because the 
proton transfer is faster than the NMR time scale, and only the sum of their concentrations can be 
obtained by NMR quantitative analyses [18]. Since the chemical shift of the common peak depends on the 
relative amount of the two species, some experimental methods have been developed for calculating the 
concentrations of the fast proton-exchanging species. 
In 1998, Holmes et al. performed NMR analyses on aqueous ammonia-CO2 system by 13C spectra and 
developed a method to calculate the concentrations of carbonate and bicarbonate appearing with a single 
peak [17]. In this study, the peak position is related to the relative amounts of the carbonate and 
bicarbonate by the following equation: 
 
3
2
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                                                                                                                         (1) 
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Where S is the shift of the carbonate/bicarbonate peak in ppm, while 160.33 and 168.09 are the 
chemical shift values, expressed in ppm, for 100% bicarbonate and 100% carbonate, respectively.  In 
addition, if the appropriate conditions are used to measure quantitative NMR spectra, the ratio (R) of the 
amount of carbamate to the amount of bicarbonate plus carbonate is considered to be equal to the ratio of 
the areas of the peaks:                                                                                        
 
 
                                                                                                                                                                   (2) 
 
 
Combining the equations 1 and 2 as a function of the carbon balance ([CO2]0), the concentration of 
carbonate, bicarbonate and carbamate can be derived. This method is applied in literature, not only for 
ammonia chemical systems [2, 20], but also for the calculation of carbonate and bicarbonate 
concentrations in aqueous alkalonamines-CO2 system [16, 29]. In these last cases, the molecular and 
protonated amines are determined according to the dissociation constant of the specific amine and to the 
pH measured for each loaded sample.  
To quantify species appearing with a common peak, calibration experiments are also performed [16, 
18, 22-25, 28, 33]. Batch solutions containing free/protonated amines and/or carbonate/bicarbonate in 
different appropriate ratios are prepared and acquired at NMR. The chemical shifts of the signals 
observed in all batch solutions are then reported as a function of the pH and/or the specific species ratios. 
Figure 1 shows the titration curves, performed by Jakobsen et al. in 2005, for molecular and protonated 
monoethanolamine and for carbonate and bicarbonate, in terms of the change in the chemical shift of the 
peaks in the 13C spectra [18]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  pH shift of MEA (calibration curve on the left side) and of HCO3-/CO32- (calibration curve on the right side) in 13C 
NMR spectra at 20°C. Figure reprinted with permission from Jakobsen et al. 2005 [18]. Copyright © 2005, American Chemical 
Society.  
 
For MEA/MEAH+ curves, it is evident that the effect of the pH on the peak shift is most apparent for 
the carbon in beta (S1) position to the nitrogen. Generally, the protonation on the nitrogen atom has a 
major effect on the carbon in beta position and on the proton in alpha position to that nitrogen, as it is also 
observed in the protonation shift experiments performed on AEEA (2-(2-Aminoethyl)amino) ethanol) [9]. 
However, pH changes have smaller effects on the chemical shift of the 13C peaks compared to proton 
peaks [21]. Concerning the carbonate species, at decreasing pH the equilibrium shifts from carbonate 
toward bicarbonate, which corresponds to a shift upfield of the signal in the NMR spectra. The limiting 
shifts for the samples containing 100% CO32- or 100 % HCO3- are reported in table 1. The differences 
observed can be ascribed to different operating conditions used to acquire NMR data, like e.g. internal or 
2
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external reference standards, sample concentrations, temperature. This is the reason why calibration 
experiments should be performed as a function of the experimental conditions being used for the solutions 
under study. 
 
Table 1. List of the chemical shifts (G) for 100% of HCO3- and 100% CO32-  
Reference į HCO3- (ppm) į CO32- (ppm) 
Abbott et al. [33] 161.5 169.5 
Jakobsen et al.[18]  161.4 168.9 
Shi et al.[16] 160.712 168.467 
Mani et al.[25] 160.82 168.24 
Holmes et al.[17] 160.33 168.09 
 
Although, the possibility of getting extensive speciations, in some studies the concentrations of the fast 
exchanging proton species are reported as the sum of the molecular and protonated forms [7, 15, 19, 27]; 
while in some other studies, only the calibration experiments for the amines are performed, such as in 
Park et al. 2003 where it is assumed that the carbonate is not formed at the pH observed for the particular 
solutions [28].  
  
3. Summary of the 13C NMR applications 
Most of 13C NMR studies deal with alkalonamines, the commonly used chemical absorbents for the 
removal of acid gases [7, 8, 13, 15, 16, 18, 21-24, 26, 28-30], but also ammonia [2, 12, 17, 20, 25] is 
examined, in addition to amino acids [11, 27] and other new amines [9, 10, 19]. All these studies deal 
with absorption experiments, while only a few of them take into consideration also the CO2 
desorption/amine regeneration step, which is determinant for the energy consumption of all the cyclic 
process [8, 22-24, 27]. The amines are mainly studied individually, but in order to improve the CO2 
capture process also blends are investigated by 13C NMR spectroscopy [15, 21, 23]. In particular, in the 
liquid phase of amine mixture, although the carbonate and bicarbonate species can be quantified 
separately (see section 2.5), the amounts produced by each amine in the mixture can`t be determined [23]. 
Usually, 13C NMR experiments are performed on the samples withdrawn from the equilibrated amines 
solutions, obtained under different experimental conditions, i.e. different amine concentration, increasing 
CO2 loading and/or increasing temperature and pressure. There are also studies in which pressure 
dependent and/or variable temperature experiments are monitored directly with NMR [2, 7, 15, 18, 28]. In 
particular, these latter experiments can provide information not only on the species distribution but also 
on the CO2 solubility in aqueous amines [34]. However, acquiring experiments at temperatures higher 
than 60-70°C has some drawbacks, such as the broadening of peaks [18] and/or CO2 bubbles formation 
[2]. 
Once NMR spectra are acquired, qualitative and quantitative analyses of the species formed after 
absorption and desorption of CO2, including degradation and secondary products, are carried out. These 
analyses are relevant for knowledge of the trends of the species distribution and for deriving information 
at the molecular level, including hypotheses on reaction mechanisms. For instance, Choi et al. by 
monitoring the bicarbonate and carbonate species demonstrate that, although MDEA (N-Methyl-2,2`-
iminodiethanol) and AMP (2-Amino-2-methyl-1-propanol) have high absorption capacities and absorb 
the same bicarbonate form of CO2, the absorption reactions involve totally different mechanisms [30]. 
Further, in a study of Ballard et al. the observation of trends of the species distribution in mixed aqueous 
amines-CO2 systems leads to the following hypothesis: for primary and secondary amines the relative 
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rates of reaction of each amine in those experiments are not just a measure of the rate coefficients for 
carbamate formation, but more a reflection of the relative thermodynamic stabilities of each amine 
carbamate [21]. Concerning the carbamate formation, it represents the thermodynamic limitation to 
conventional amines for CO2 removal and the calculation of carbamate stability constants is another 
important task. The accuracy of carbamate stability constant depends on the accuracy of both the species 
concentration measurements and the thermodynamic model used to predict the activity coefficient model. 
So far, only the carbamate stability constants for MEA [14, 18],  DEA [14] and AMP [14, 29] are 
calculated by 13C NMR spectroscopy.  
 
4. Conclusion 
The overview of the methods used to perform and analyse 13C NMR experiments and their main 
applications show that the field of chemical absorption/desorption of CO2 into/from aqueous solutions can 
strongly benefit from a further consideration of this spectroscopy. It is a non invasive technique which 
provides direct information at the molecular level on the species and allows investigating the chemistry of 
the reactions in amine-CO2-H2O systems, which is important to improve the efficiency of PCC.  
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